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ABSTRACT 


This study Investigated the docicing sensor requirements, the influence of the 
docking mechanism, and the implications and effects of a docking abort. Dur* 
ing the study a digital simulation, ^Ich included the primary aspects of the 
docking maneuver, vas devel(^d. 
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Foreword 


This final report of the Space Tug Automatic Docking Control 
Study was prepared for the National Aeronautics and Space 
Administration George C. ^brshall Space Fli^t Center by 
Lockheed Missiles & Space Company, Inc. in accordance with 
Contract RAS8-29T^T 

The study effort herein was conducted under the direction of 
National Aeronautics and Space Administration Study Manager, 

Mn.. Marlo...H...J9ielnfUrth; Mr. Homer C. Pack, alternate. Ihe 
report was prepared by the Lockheed Missiles & Space Company, 

Inc., Sunnyrale, by Mr. Jack Vohl, IMSC Study Manager. Ihe 
study results were developed during the period from August 
1973, through July 197^. 

There are two parts to this report; 

(1) Final Technical Report 

(2) LOCDOK User's ttenual 

Requests for additional information should be addressed to: 

, Mr. Mario H. Rheinfurth 

Chief, Dynamics and Trajectory Analysis Branch, Control Systems Division 
Systems Dynamics Laboratory — J S 

Marshall Space Fll^t Center 
Marshall Space Fll^t Center, Ala. 35812 
Telephone (205) 453-2^70 
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Section 1 
INTRODUCTION 


1.1 BACKGROUND 

An important mission of the Space Tug is the recovery of satellites at 
or below synchronous orbital altitudes for return to the Space Shuttle. 

The docking operation is to be automatic with the possibility of TV 
remote control available as a backup. The Tiog must be able to auto- 
matically dock with high probability on the first attempt. This study 
is intended to provide a basis for designing such a system. 

1.2 STUDY OBJECTIVES 

(a) Develop terminal docking control strategies and determine the 
sensor requirements . 

(b) Assess the influence of the docking mechanism design on the type 
and accuracy of sensor data required and the probability of 
successful docking on the first attempt. 

(c) Assess the effects of a missed docking attempt on the Tug propellant 
consumption and on the payload attitude control system. 

(d) Provide documentation of the resultant con 5 >uter program. This is 
to include a user's manual, decks and/or tapes, and flow charts 
sufficient for running the program. Also included will be test 
cases with the description of inputs and outputs . 

1.3 AXES CONVENTIONS 

The axes conventions used in this report, the LOCDOK Simulation, and 
the User's Manual are shown in Figs. 1-1 through 1-4. The numbers shown 
in the brackets of Fig. 1-4, Vehicle Coordinate System, are the APS engine 
thrust numbers. In the LOCDOK printout the axial engines (fore-aft) 
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FIG. 1,1 INERTIAL COOEIDINATE SISTEM 



FIG. 1.2 EARTH-CENTERED COORDINATE SISTEM 


1-2 
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FIG. 1-3 ORBITAL COORDINATE SISTEM 
1-3 
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Fig, l-)4 Vehicle Coordinate System 



have a value of 1 for forward thrust. Or* the plots the axial thrust 
has the value 9- Which engines are thrusting may be derived from the 
following algebraic equations. 

LOCDOK Printout 

Axial engine No. =1, + thrust 
- 1, - thnist 


Lateral engines No. = 

1 , + z thrust 

+ 3 

+ 1, -y 

thrust 


-1 , - z thrust 


_-i , +y 

thrust 


On the 4020 plots 

GUID Eng No. = ^+/-, thrustj + 3^-/+j y thrust J + 9 ^ thrust 

1.4 VEHICLE CONFIGURATION 

The Baseline Tug Configuration used in this study is shown in Fig . 1-5 . 
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Fig. 1-3 BASEUMB TUI OVERALL OORFIGURACFION 



1.5 CORVERSIOlfS TO SI UNITS* 


Tram 

Degrees (deg) 


Units 


2 ® 

Rsdlans (rad) 


Inches (in.) 

Feet (ft) 

Nautical Miles (md.) 

Pounds, force (ib^ 

Mass (slugs) 

Torqiue (ft-lb^) 

* O 

Monent of Inertia ( slug* ft ) 
Pounds, Mass (lb.) 


centlaeters (am) 
aeters (a) 
klloaeters (ka) 
newtons (n) 
kllograas (kg) 
aeter-neetOQS (a*n) 
kilogram*meters ( kg*ffl‘ 
kllograas (kg) 


*Conv<»rslon Constants fron NASA SP-7012, Ref. 1^. 
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Constants 

deg* 0.017*»5329 

In.* 2.5U 
ft* 0.3048 
nal* 1.652 
lb* 4.44822 
slug* 14.5939 
ft-lb* 1.35582 
) slug-ft^* 1.35582 

lb ♦ 0.4532267 
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STANDARD CHARACTERISTICS FOR ANALYSIS 


2.1 INTRODUCTION 

The Standard Characteristics for Analysis is a con^jilation and specifi- 
cation of the many vehicle and system parauaeters necessary to simulate 
and analyze Automatic Docking of the Space Tug. 

The characteristics should be considered a living document that will be 
updated, modified, and added to as the vehicle and subsystem parameters 
are more definitized. 

These Characteristics could be used as the specifications for Space 
T\ig requirements. 

The values shown in Section 2.2 are used for the preset data in the 
LOCDOK Simulation. If these characteristics are changed the preset data 
should be changed also. 
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2.2 MUSS PROPERTIES* 


2.2.1 Welfdit 




(lb) 

Dry Velgkt 

2,34l.k 

5,166 

Max Retrieval Vt for SU Tug 

1,164.8 

2,570 

Payload Interface 

669.0 

1,476 

Start Docking Wt 

14,810.5 

32,678 

Burnout Veigbt 

2,815.9 

6,213 

Total Prcqpellants & Gases 

23,lfi5.2 

52,921 

Ignition Weic^t 

26,326.5 

58,086. 


2.2.2 Moments of Inertia and C.G. 


Begin Orbit , 

Start of Docking 1 

D 1 

fCf 

kfia£ 

(slug-ft^l 

kg»m^ 

Islug-ft^l 

kg-B^ 

(slugTft^) 

Pitch (lyy) 93 , 742.8 

69,141 

58,907.7 

43,448 

24,071.2 

17,754 

Yaw (Ixx) 93 , 437*7 

68,916 

58,594.4 

43,217 

23,751.3 

17,518 

Roll (Ixx) 7,819.0 

5,767 

7 , 157.4 

5,279 

6,495.7 

4,791 

Tug C.G. 518.2 CB 

204 (in.) 

541.0 CB 

213 (in.) 

612.1 ea 

241 (in.) 

(tug station) 






2 . 2.3 Attitude Control 






Deadbands (total) 


rad 

(deg) 

Roll, pitch, yaw 


0.008725 

0.5 


Moaent Aras 



a 

(ftj 


Pitch, 

Yaw 


0.90169 

2.9583 


Roll 


2 . 057 *^ 


6.75 i 


^Baseline Tug Definition Doeuaent Her. k, 26 June 1972 as anended Vy data for 
use on S^aee Tug Autonatic Docking Control, 12 Deeenber 1973 > Boskt Pack. 
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Attitude Control Gains 


Position 

Hate 

(ib^rad) n/rad/sec 

(ib^rad/sec) 


13,133.28 

2,952.48 

13,063.27 

2,936 .7^* 


Engine 6,672.33 


(noMlnnl) 


(noBiinal) 


(lb.- 

]i«Me 

sec) 


14,234.3 


1,423.43 


2.5 


2.5 230 


Ib^-see 


22.2 

22.2 




Start Dockla 


lb .‘•sec 


n-sec I' f ^ kg 


11,011,395112,057. 


















2.2.5 Docking Sensor T ^er Radar) (Ref. l6) 


PRF 

Data Saapling Rate 
Glaibal Freedon 


Aziautli 

Elevatlwi 

Glaibal Rates fc Acceleration 


1 KHz 

l6 per second 
rad (deg) 

0.5235 30 

0.5235 30 


Angular Rate (Acq* Aver.) 

Max Angular Rate (Tracking) 

Angular Acceleration 

Acquisition Range 

(9^ probabili'^ of acquisition) 

Acquisition Scan Pattern 

Azinuth 
Elenttion 
Search Frame Time 
Track Frame Time 

Beamridth 

Bandwidth 

Range Resolution 

Ancp.e Resolution 

Benge Aecuiacy (3Hil0sa Smoothed Data) 
Anc^ Aecuracy (3*slgna Smoothed Data) 


0.003713 rad/sec; 0.2126 (deg/sec) 
0.0017^5 1*0 (deg/sec) 

N/A 

1^3.72 km; (77*6) nmi** 
rad (deg ) 

0.5235 30 

0.5235 30 

1.41376 sec 
0.064 sec 
rad (deg) 

0.0001745 0.1 

50 Hertz 

£ iM 

0.09144 0.3 

rad (deg) 

0.0000436 0.0025 
o.ei^ of B 
0.0008725 rad; .05® 


Both Receiver and Scintillation noise are aodtiLed as a fdnctlcm of Range (R). 


**Per Telecon with ITT l43»72 km;(77»6 nmi) can be achieved. 
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Receiver Holse (at IU3.72 km; 77*6 (nml) 


Range (Std. Dev.) (0"^) ^ = 23.8355 

AZ, EL (Std. Dev.) (Tg) ? 0.290855 

Noise constant below 0.30^ a (l ft) and beyond 143.72 kn (77.6 nml) 
wolse (at 0.3048 a; 1 (ft)) 

AZ, EL (Std. Dev.) (^g) ^ . 6.171(H) 

Noise constant below 0.3048 a; 1 (ft) and beyond 143.72 ka (77.8 nal) 

2.2.6 Start Docking Guidance Accuracy (3-eiaaa) 


Position Velocity 



kn 

(nai) 

n/sec 

(ft/sec 

Tkngentlal 

55.56 

30.0 

3.6576 

12.0 

Radial 

59.26 

32.0 

4.2672 

14.0 

Noraal 

59.26 

32.0 

4.2672 

14.0 


2.2.7 Paylcad Position Oncertaig fcy 

Position, each axis I.852 kn (1 nal) 


2.2.8 Docking Mechanisa Beqnlreaeiits (3-siaat) 


Docking Axis Miss Distance 
Miss Angle 
Long. Veloci^ 

Lateral Velocity 
Angular Velocity 


0 to 0.3048 a (1.0 ft) 

• 005235 rad (t 3 deg) 

0.0348 a/sec (.1 ft/sec) to 
0.3048 a/sec (1.0 ft/sec) 

0 to 0.09144 a/sec (0.3 ft/sec) 

0 to 0.001745 rad/sec (l.O deg/sec) 


2.2.9 Autonoaous Navlaation Update (3-sigaa) 


Position, Each Axis 


5.858 ka; (3.163 nal) 


♦Must be divided by 217,945.9 « (715,045.6 ft) for input to LOCDOK. 


2-5 


LOCKHEED MISSILES & SPACE COMPANY 



Seetloa 3 
UTERATOBB SURVEX 


3.1 SfTRODUCTIOS 

A litaratnre Mvmy was aade at th« lieglnaiag of the eoatraet. -lMSC*e-Veeh« 
nleal Infoxvatlon Center Interrogated the XC and KASA data basea^ elMsifled 
as veil as nselaaslfled. In addition, IHSC'e Dialog data base vaa aurv^d._ 

The foUovlng Deaeriptora alngly and la eoaiblnatlon vere naed: 

Spacecraft 

Ottldanee — 

RendesTona 

Narlgation 

unaanned 

Docking 

Necbaniaa 

Senaora 

Control Syatena ~ 

3.2 SORVEf 


DQD UPntR ~3IACS/SHURX£ SX9IEM 

Prelia. Raq. Stody, Vol. Ill, Payload Betrleaal 
McDonnell-Doaglaa, amtlngton Beach 
AD-903 092L One. Vol. HI 

Vol. I Hgt. of Theh. SuaaMry, AD-903 0906 Unc. 

Beport Bo. 19X-03702 - Vol. 

Illy, , 

Contract IDk701-72-C-0304 jjjuAiVA iVUl FIlMEn 

SAMSO TB-72-202-Vol, 1,3 
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PAYLOAD HAHDLHIG CAP OP THE SIS 
AD-900 3^L 

Office of the Assletaot for Stedy Support, Klrtland AF Base 
Report Ho. QAS*TR>72-3 

FEAS. STUDY, VOL. IV, SYSTEM l^IGH 

Roelnrell International AD -889 57^L 
OOS (Chenleal) 

Append. B - Arlooles Study 
Report Ho. SD-71-730-4B 
Contract ¥tA701-71-C-0171 
SAMSO TR- 71-238 Vol. 1^B 

KME-UHE IHFO FOR MISSIONS INTO 3IATI0RARY ORBITS 
AD -876 5026 Aerospace 

Report Ho. TDR-0059 (6T70-01)-2 
Contract F04701-70-C-0059 

TERMIHAL REHD. CONSIDERATIOHS F(»{ THE STS 

AD -875 19*»L 

Aerospace 

Report Ho. TDR-0059 (6758-07)-6 
Contract F01|701-70-C-0059 

REHDEZVOUS TRAJ. VOL. I 

AD -722 890 

Report Ho. DDC-TAS- 70 - 85 -I 

AD -515 W »0 

Rend. Traj. Vol. H Ho. DDC-TAS-70-85-2 

DOD IMPACT Of SHUTTI£ SYSTEM DBSIGH STUDY, VOL. IX - SDPPIfMEHTARY STUDY TASK 
AD-516-2771* 

Roekwell International 

CCNFinEHIIAL Repozt 

Ho. SD-71-11^2-9 

Contract: HA 99-10960 

SAMSO TR- 71-123 Vol. 9 ,0 
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aUIDAllCE, HAVIGATIOII, AHD COKIROL FOR AUTO REID, DOCK AHD SSPARATIUH OF S-U 
DBRIVATIVS VEBICIZS 

SD-73-SA-0009 

RoekwvU Intcmatioiiftl 

Contract KAS7»200 

RBHD. AND DOCK GUIO ALG AKALTSIS ft ISR OF B9MTIOHS OP NOTIOII FOR FISXJIFFOI- 
m CLUSTERS OF GRAVITT 

Tag IBM No. 72 - 226-062 

RESPONSE OF FIZXIBLB SPACE VBSZCLBS TO DOCKING IMPACT 

TCeh. Report MOR-70-2, March 1970 

Bodley, C. S., and A. C. Paxic 
Final Report 

Contract RAS8-21260, Martin Corp. 

SPACE SSUTTIf VBBICU AUTOMATIC DOCKING STUDY 
Report No. RASA-CR-U5248, S-26o6 

Author: Blanchard, 1. P. Hutchinson, R. C. Johnson, I. B. 

Final Report _ 

A3925K3 Fid: 22A, 81|A SEARIOO 3 - Mass. Inst, of Tech., Caabridge 
Oct 71 

Contract: NAS9-10266, DSR Proj. 55-*«800 

AUTOMATIC R BN D BZF OU S ft DOCKIRG FINAL REP(»T 
Report No: KA3A-CR-103037 

Ayyar, S. A., Floa, T. B. - ITT Aerospaee/Optlcal Dir., San Fernando, Ca. 
A 196 hFl FLD: 22 A, d^A SIARO 907 
May 70 208 p 
Contract: NAS8-23973 

LATCHING MECHANISM PATENT APPUCATZON 

North Aaerlean Rockwall Corp., Loa Angeles, Calif. 

Author: Cobln, J. C., Fhodas, L. L. 

A0172H2 BLD: I 3 B, 22B, 922, 9^ STARO 608 
21 Not 69 33p 

Report No: NASA-GASB-MSC-13^7^1« US-SN-d7d731 
Contract: NAS9-150 . , 
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AUTOMATIC RBIIDEZVOUS IK SPACE 

Foreign Tecihnologf Ulv Wrli^t^PiB't'tersan AFB dilo (l4l6oo) 

Author: Legoetaer, V. P., Raiushehbakh, B. V. 

6103EI PLD: 22k, 22c (USGRDR6913) 

5 Dec 68 31 

Beport Kb. FrD-HT-23-13^-68 

Edited trails, of nono. Congress of the International Astronautieal 
Federation (l9th) Kew Yor, 1968. Beport n.p., 1968 pl-24 
hy B. Koolbeck. 

SYMPOSIUM OK AUTOMATIC COHTBOL IK SPACE (2nd) (SEIECTED HISSIOKS) 

Foreign Technology Biv Wrl^t*>Pstterson AFB Ghio (l4l600) 

^32B3 FLD: 22B USGBDB6908 

14 Jun 68 65p 

Beport Ho. FTB-NT-24-127-68 

Edited ■schlne trans. of l^jmposlvB on Aatoauitle Control in Space (2nd) 
Vienna, 4-8 S^ 67 pl-43 

OOCKmG IK setix a COMPIEX PSaBUSM 

Joint Pahllcaticms Beseardi SezTlee, Washington, B.C. (I93 300) 

Author: Kovlko, Yu., Pedoror, B. 

5635A3 FLD: 22A USGRDR6906 

15 Jun 68 lOp 

Tlnuis. of Arlatslya 1 Kbsaonartika (USSB) n2 p53*’56 I968. 

A HEW STAGS IK THE C0KQ3EST SPACE. BBIILIAKT EXPEBIMEHT SEES AUTOMATIC 
DOCKIKG OF TWO SPACBCBAPT IK OBBIT 

Foreign Technology Bir Wrle^t-Fatterson AFB Ohio (l4l600) 

5412B4 FU): 22B USGBIHI6903 

6 Bee 67 8p 

Beport Ho. FTD-BT-23-l6o6-67 

Edited trans. fron Praeda, Moscow (USSB) p3> 1 Honr 67, by B. Zeeeola 
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BEafSEZVOUS HI space, how IHE AOTOMATIC SASBIXrEES FQOHD BACH OTHER IH ORBIT 
PoxelgQ Tedmology^ OIt Wri^t'Pttttersoi AFB Ohio (IU16OO) 

Author: Marialo, Yurll 

5773C1 FLD: 22A USGRDRS902 
6 Dec 67 7p 

Report Ho. ra>-Hr-23-l605-67 

EAited trans. frou Pravda, Moceow (USSR) p2, 2 Hor 67, by R> Zeeeola 

WORLD'S FIRST AOTCMATIC OOCKIHG IH SPACE. TWO SATELLITES IH COIMOH ORBIT 
Forelga Technology Dlv Wrl^it-Pattereon AFB Ohio (Ihl600) 

537IAI BLD: 22A, 22B USGRDR6902 

6 Dec 67 5p 

Report Ho. FTD-HT-23-160^-67 

Edited trans. froa Pravda, Moscow (ISSR) pi, 3I Oct 67 , hy R. Zeccola 

AUTOMATIC DOCKIHG H SPACE AMD ITS RELATIGM TO THE THEORY AHD PRACTICE OF 
AUTQMRTIC CORTBQL 

Te^itran Coxp, (Hen Bomle, Mi. 

Author: Baushenhakh, ▼. K. 

Avtosmticheskaya S t y to w k a W Kbsaose I Teye Siryaz's Teorlyey I 
Praektlkoy Artoewtlcheskogo Uprawleniya 
3215B3 FLD: 22A STAR0621 

Sept 68 8p 

Report Ho. HASA-TT-F-11939 
Contract: RASW«l695 

1968 (kill Op Tran Transl. Into BngUah of Phper A/Conf . 34/lr. 10, 
P re se nted at the United Hations Conf . on the Exploratioa and Peaceful 
Uses of Outer Space, Ylenna, 14>27 Aug I966 

SPACE SHUITUE GUIDMICE, HAVICSATKBI AHD COHTEOL DESIOI EQUATIOHS VOLUME 3 
ORBITAL OPERATIOHS 

Rational Aermauties and Space Administration Manned ^acecraft Onter, 
Houston, Tex. 

Ak9951C3 FLD: 22A, QkA SIARIOI6 

1 Dec 71 550 p 

Report Ho. HASA.1M>X^368, NSC-0k217-REV.B 
Misc 0 rerlsed 
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SIXTH AAP -4 UHMANRED RENDEZVOUS MEETING AT MSC, JUNE 27 , 1968 
68X8 7673* HASA-CR-96026 HASW -417 68/07/05 k pages 
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THE PROBLEM OF DOCKING WITS A PASSIVE ORBITING OBJECT WHICH POSSESSES ANGU- 
LAR MOMENTUM 

7IXLO 921 ^»# Issue k Page 177 Category 30 NASA-CR -122853 
NCR-39-009-162 71/09/25 25 pages 
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Engineering) 

Presented at the 92 nA Congress of the International Astronaut leal Fed, 
Brussels, 20-25 Sept. 1971 
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UNMANNED RENDEZVOUS APPLICATIOHS FOR SPACE RESCUE 

73A1 1156 Issue 1 Pfcge 105 Categcoy 30 71 /OO/OO 5 pages 
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1971 , P. 557-561 

CONTRIBUTIONS TO TBE STUDY OF A EUROPEAN INTBRORBITAL TUG 
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(European Unmanned Interorbital Tug, Investigating Configurations 
Structure, Hookup System, Docking and Propellant Supply) 
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INSTITUTE OF NAVIGATIQN, HAnOHAL SPACE MEETIHG GH SPACE SHUTTLE-SPACE 
STATION-NUCLEAR SHUTTLE NAVIGATION 

71A3 5051 Issue 17 Phge 2772 Category 21 71 /OO/OO 9l»0 pages 

NASA Marshall Space Flic^t Center, Huntsville, Ala., Feb 23-25, 1971 

Proceedings (S|pace Shuttle, S^ce Station and Nuclear Shuttle 

Navigation-Conference, Huntsville, Ala., Feb 1971) 

AUTOMATIC CONTROL IN SPACE 3 , INTERNATIONAL FEDERATIGR OF AUTOMATIC CGNTROL 
7 IAI 9526 Issue 7 P&ee 115^ Category 21 70 /OO/OO 815 pages 
International Conference, 3rd Toulouse, France, March 2-6, 1970 

UNMANNED RENIXZVOUS, STATION KEEPING, AND DOCKING FOREXTRAVEHICULAR SPACE 
ACTIVITIES 

72N7 5159 68 / 00/00 22 pages 

A/Purl, N. H. B/Lambert, A. I. C/Gldo, J. F. 

General Electric Co., Phlladelidiia, Pa (Missile & Space Dlv) 

FIFTH AEROSPACE MECHANISMS SIMPOSIUM 

72N1 3391 Issue 4 Page 485 Category 15 NASA-SP-282 71 /OO/OO 
(Conference of Structural Design Principles and Mechanical Engineering 
Methods for Aerospace Mechanlsats Used In Orbital and S|pace Flights) 
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PTD-HT-23-1605-67 67/12/06 
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(Foreign Technology Dlv.) 
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69NI 0561 Issue 1 Page 176 Category 31 NASA-CR-97W3 
NSR-Uh-005-059 68/09/00 355 pages 

(Preliminary System Design for Satellite Servicing Vehicles • Manned 
and Unmanned Models) 

A/Colwell, R. G.; B/Dlckerson, S. L. : C/Paul, A. N. 

Houston University, Texas 
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68/00/00 6 pages 

(^wiceeraft Radar Present and Future Applications in Rendezvous and 
Soft landing) 

A/Broderlck, R. F.; B/Chlck, R.: C/Fenner, R. 0 . 

National Aeronautics and Space Administration, L. B. Johnson Space 
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Presented at the Southeestem Inst of Elec and Electron Engr, 

1 April 1966 
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Section 

DOCKING COHTROL STRATEGIES 


U.l INTRODUCTION 

Docking Control strategies must be formulated for the seven autonomous 
docking phases shown in Table 4-1. The strategies not only have to en- 
compass the events shown in the table, but also selection of a data filter. 

To completely define all the strategies would require knowledge of the Tug’s 
Avionics Configriration, mission definition, and operational constraints. 

One possible Avionics configuration is shown in Fig. 4-1. Note that this 
configuration has the equipment needed for autonomous navigation. 

For the following discussion, refer to Table 4-1. 

4.2 Phase 1 - Rendezvous Injection Burn 

The first phase for docking begins after the rendezvous injection burn, which 
should place the Tug at the nominal aim-point. Calculation of the nominal 
aim point is discussed in Section 5* The position of the aim-point must 
consider the aspect of the sun, moon, or earth with respect to the field-of- 
view of the docking sensor. If a docking sensor is selected that is in the 
visual or infrared spectrum an additional constraint would be to have the 
payload sun- illuminated. 

It would be advantageous to have the Tug perform an autonomous navigation 
update at this time to reduce the uncertainty in its position and reduce the 
sensor FOV requirements, see Section 5. If the Tug missions include multiple 
payload servicing or deployment, then the navigation update would be required 
if the Tug’s autonomy level is I or II. 
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U.3 Phase 2 - Reorientation 


The Tug's attitude after the injection hum will normally require reorienta- 
tion of the Tug to point the center of the sensor's search pattern at the 
center of the uncertainty volme of the payload. 

The primary decision for this phase would be the time allotted for the maneu- 
ver. The longer the reorientation time the less APS propellant would be used. 

k.k Phase 3 - Acqtiisition of the Payload 

The primary strategy to formulate during this phase wotild be if the payload 
was not acquired. Several alternatives are shown in Table 4-1. 

If the payload is acquired but there is a possibility that the Tug might 
impact the payload in a short time, or the Tug might move out of the acquisi- 
tion range of the sensor, an immediate evaluation must be made. LOCDOK 
performs a rapid data taking and evaluation after lock-on to either stop 
the motion of the Tug or reverse its velocity if it is moving away from the 
payload. 

4.5 Phase 4 - Gross Transfer to the Docking Axis 

Given the docking axis in the payload orbital coordinate system and knowing 
the Tug’s state vector relative to the payload from the sensor, the Tug can 
now compute a gross transfer to the docking axis. It is interesting to note 
that the Tug's state vector is now known very accurately as the payload posi- 
tion is known to ± 1.852 (l rimi) three sigma. 

The control strategy in LOCDOK for this phase checks to see that the Tug’s 
trajectory to the docking axis does not violate the required miss distance 
threshold (see Fig. 4-2). The trajectory then is calculated so as to termi- 
nate the gross transfer beyond the m-i Tvi-rmim gross transfer distance specified. 
The transfer distance is selected so that the Tug can null all positions and 
velocity errors normal to the docking axis before it reaches the stand-off 
range. The average velocity toward the docking axis is computed so that the 
Tug will reach the axis in a itiav-iTiTum specified time. 
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During the Tug's treuisfer to the axis the sensor is always pointed toward 
the payload (l) to keep the payload within the FOV of the body mounted sensor 
and (2) to automatically acquire the docking aid on the payload after the 
final gross transfer burn. 

Mid-course corrections jure periodically made to correct trajectory errors. 

The final gross transfer burn is computed, allowing for the long thrusting 
period, so that the docking axis is not crossed. The velocity along the 
docking axis should be that specified by mission requirements. 

The transfer to the docking axis is considered complete if the docking aid 
is within the FOV of the docking sensor. If it is not the Tug would make an 
additional fast transfer to the axis maneuver. In the event that the docking 
aid is not acquired, (the attitude of the payload has drifted the docking aid 
out of the FOV of the sensor). A means for acquiring the docking aid must be 
implemented. One method of accomplishing this would be to have the Tug circum- 
navigate the payload until the aid is acquired. At present LOCDOK does not 
have this capability. However, a circumnavigation simulation has been devel- 
oped by LMSC and could be integrated into LOCDOK at a later date. Capability 
for this addition are provided in LOCDOK. 

It should be understood that if the payload is rotating rapidly, diiring any 
phase of docking, the docking attempt must be completely aborted. 

4.6 Phase 5 - Treinsfer down the Docking Axis 

The basic guidance strategy for Phase 5 is to null the position and velocity 
errors normal to the docking axis while maintaining the velocity along the 
axis. This portion of the guidance uses an exponential logic to mi nimi ze 
propelljmt usage. The rapidity of convergence is controlled by the operator 
who can select the exponent, G17 in the input dictionary. 
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The final burn down the docking axis normally reduces the Tug's velocity 
to that permitted by the docking mechanism and the potential abort maneuver. 

Note that the retro burn has to be made far enough from the Tug so that 
thruster impingement does not disturb the payload. From the retro burn 
point on, all forward thrusting engines must be disabled because of impinge- 
ment. 


U.7 Phase 6 - Evaluation at the Stand-off Point 

At the stand-off point the Tug to payload position, velocity, and attitude 
is evaluated. If the tolerances dictated by the docking mechanism are ex- 
ceeded the Tug should abort the attempt. The stand-off point selection is 
detailed in Section 7. 

There should be some provision made to inspect the payload docking mecheinism 
to see that it is not obstructed or dameiged. 

U.8 Phase 7 - Coast to Latch-Up 

During this phase all thrusters must be disabled except for an emergency 
abort capability. It should be vinder stood that an abort at this time will 
severely disturb the payload and may make future docking attempt impossible. 
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DATA FILTERING 


^.9*1 Introduction 


As all sensor neasurements ax« noisy, sc»e method of data filtering must be 
en^loyed to determine the best estimate of the payload state vector with 
respect to the Tug. 

This section summarizes known results in linearized and linear estimation 
theory. The classical least squares maximum likelihood version of the non- 
linear estimation problem is outlined and the sequential version of the op- 
timum filtering solution (as derived by Kalman). The Kalman equations have 
the advantage that dynamle noise in the model is easily handled, but both 
the least squares version and the Kalman equations can be used with any 
deterministic model. 

A six-by-six sequential Kalman was selected for the Tug data filtering as 
being the best eonpromise for on-boaxd processing. The Tug has knowledge 
of its accelerations from on-board instrumentation and it is assumed that 
the payload would not maneuver. 

This data filter has been Incorporated in the LOCDOK simulation in subroutine 
REST* For additional details see Reference 12 and 13. 

^.9*2 Natation 

In general, lower case letters in the equation notations (l.e., u, v, x, and 
z) denote column vectors idille upper case letters (i.e., A, B, F, G, H, and 
B) denote matrices. The components of a matrix A and vector u are desig- 
nated by subscripts as A and u . The letter I represents the identity 

X J J 
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matrix. The superscript prime, as in A* or u', will denote the transpose of 
the matrix or the transpose of a column vector (which becomes a row vector), 
fihe product of a column vector and a row vector, such as xs' is a matrix. 

The symbol £ represents the expected value so that E(a) represents the ex- 
pected value of the quantity A. Ihe subscript -1 as in A* means the in- 
verse of the matrix A. In all cases it will be assumed that the Inverse of 
the matrix exists, althou^, quite often, the inverse can be replaced by a 
pseudo-inverse or generalized inverse without changing the results. 

4 . 9*3 Classical Least Squares 

A set of equations used to model nonlinear estimation for a deterministic 
system can be written as shown below vhere N is the number of measurements, 
z^ is the i X 1 vector representing the actual measurements, w^ is the i X 1 
rector representing the uncorrelated noise on the measurements, x is the mXl 
vector representing the state of the system, is an i XI vector repre- 

senting perfect measurements, and Rj^ is the i X 1 covariance matrix of the 
noise 

\ * 'k 

cov Wj^ “ ^ ^ “ 1,2, ...,H 

It will be assumed the noise has zero mean and it is uncorrelated from one 
measurement to the next. 

E [*k] = 0 (1^^) 

cor [wj 

The best estimate of the state x can be written as shown below, where is 
the i X m matrix of partial derivatives and x^ is the initial nominal value 
of the state 


] = 0 J k 
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vhere M = 


A A 

x.x^ + 



r N 


U«i 



N 


E % 



Hj^ = a hj^(x)/ a X 

cov(x - x) » 


(4-3) 


The inverse of M Is the covariance of the error in the estlaate. If the 
model Is linear, the nonlinear function Is replaced by its linear 

equivalent x^ and the expressions involving x^ cancel out as shown below. 


A 

X 


N 


-1 




N 



(4.4) 


n.-£ % \ 

k=l 


If there is prior infonsatlon that the state x has a value Xq with covariance 
it can be included in the above analysis by extending the sum so it in- 
cludes k s 0 and defining » ■ Identity, and Rq » P^. 

4.9*4 Sequential Kklmea Filter 

For the discrete version of the linear estimation problem, the system to be 
estimated can be described by the following set of matrix difference equa- 
tions. 


Vi * *k^i \ * \ 


(4-5) 
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The linear measurements obtained from the system are given by another set 
of matrix equations* 

\ \ \ for k * (U-6) 

The matrices $ (transition matrix) Tables 4*2 and 4*3 &nd H (output matrix) 
Thble 4*4 represent known quantities which can change from one measurement 
to the next. !Rie vector x represents the estimated state of the system 
while the vector z represents known measurements. The vectors u and w are 
not known exactly, but cure zero mean Independent random variables with known 
covariance. The variable u represents random changes in the state (dynamic 
noise) while the variable w represents random changes in the measurements 
(measurement noise), ^le subscript k represents the value of the quantities 
at the time of the k^^ measurement. If the dynamic noise u is identically 
zero for all time, the system is said to be "deterministic. " The covariances 
of the zero mean dynamic noise and measurement noise are shown below: 

E(u^u^) * if J ® k and zero otherwise (4-7) 

° 

Most physical systems will involve nonlinear equations, but it is assumed the 
above set of linear equations can be obtained by lineairlzlng about some 
nominal values for the state and the measurements. It may be that the physi- 
cal system is governed by a set of linear (or linearized) differential equa- 
tlons althou^ the measurements will take plsice at discrete times. In that 
cctse, the original system differential equations must be integrated to obtain 
the required difference equation relating the change in state from one 
measurement to the next. CJonversely, under certain conditions, in the limit- 
ing ease as time between measurements goes to zero, the discrete system will 
approach a continuous system. 


Rj^ if j = k and zero otherwise 
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TABLE 4-2 

PARTIALS OF POSITIOH AND VELOCITY AT A LATER TIME WITH RESPECT TO 


POSITION AND VELOCITf AT AN EARLIER TIME. ♦ 

(TRANSITION 

MATRIX) 

9 (rad)^ 

a (rad)^ 

a(rad)t 

a(rad)^ 

g(rad)^ 

9 

9 (rad)Q 

3 (IT)q 

3«*)o 


a (V ) 

0 


a (IT)^ 

3 (IT)j 

3(l«t 

3<I«t 

3 (Iflt 

3 (lT)t 

9 (rad>Q 

3lIT)o 

TToTTo 


a(Vj^) 

0 

® ''^CT*q 

a(CT)^ 

3(=r)t 

3«^>t 

9 (CT)^ 

9(CT)^ 

3(CT)^ 

9 Crad)^ 

a ( it)q 

■sTCTTo 


^>0 

a (V ) 

0 

» (''rad’t 

a ^^rad)t 

3<''«d>t 

3 (''r.d’t 


» "r.a't 

9 (rad)^ 

a(tr)Q 

a (cil)o 


3 ^ Vo 

a (Vj,t)o 

a 'w 

a ^'^iT^t 

a ^'^itU 

3 

a ^'^iT^t 

a ^^iT^t 

9 (rad)^ 

a (it)q 

a(c^)Q 

^ ^'^rad^O 

a '^'^iT^o 

9 ''^CT^C 


a ^^cT^t 

a ^'^cT^t 

a ('^cT^t 

a 

3 '''CT^ 

9 (radjQ 

a (iT)^j 

3 (ct)^ 


a 

9 ^'^cT^O 
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TABLE 4-3 
TRANSITION MATRIX 


1.0 

-6 Sin Wt+6 Wt 

0.0 

k sin Wt-3t 
17 

-2 Cos Wt+2 
W 

0.0 

0.0 

1.0 

0.0 

2 Cos Wt.2 
v7 w 

1 Sin Wt 
W 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

t 

0.0 

.6w Cos wt+6w 

0.0 

1.0 

2 Sin Wt 

0.0 

0.0 

3W Sin Wt 

0.0 

-2 Sin Wt 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1 
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TABLE 

MATRIX OF PARTIAL MEASUREMENTS WITH RESPECT TO THE ORBITAL FRAME 




9S/ drad 

as/ aiT 

as/ acT 


8El/ a rad 

a El/ a IT 

a El/ acT 


dAz/ drad 

aAz/ aiT 

aAz/acT 


rad/S 

it/s 

CT/S 


cos El/S 

-(IT tan El)/S^ 

-(Ct tan El)/S‘ 

0 

-CT/(CT^+n^) 

IT/(CT^+IT^) 


where 

S » range 

Bad « radial position difference 
IT = In-track position difference 

El = Elevation angle 

Az 3 Azimuth angle 


h-n 
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The optimum estimate will be the linear estimate which minimizes the mean 
square error. Calculating the estimate requires knowing the mean and co- 
variance of all the random VBriables of interest, but no higher moments. 
If all the random variables have a normal probability distribution, the 
estimate will be the conditional mean of the state given the measurements. 
Sometimes the estimate is also called the Maximum Likelihood estimate be- 
cause it maximizes the conditional probability distribution. 


Let optimum estimate of the state Xj given all the measure, 

ments up to Zj^. If J is greater than or equal to k, it is called filtering 
and prediction. If j is less than k, it is called smoothing. The error in 
the optimum estimate is the difference between the actual value of the state 
and the estimate. The covariance matrix of the error, defined; 






The sequential version of the optimum filtering solution, as derived by 
Kalman, can be written as shown below where is the gain on the Kalman 
filter. 


*k/k * ^/k-1 ®k^\ ■ \ 

\ • ^A-l W Vk-l ^ (“-9) 

A A 

*k+l/k “ * k+1 \/k 


The covariance matrix P can also be calculated sequentially: 

Vk ■ \ V-i 

k-fl * Si 

The initial conditions for the filtering solution are based on the a priori 
infoniation, which is that the state variable x^ has a known mean, x^, and 
covariance P^. 
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E (* l ) “ ^0 * \/0 

E(x^ - VW -V’ = 

For computational reasons, it is necessary that the matrix be non-singular. 
If the acttial a priori information is not sufficient to make Pq non-singular, 
usually it can be modified empirically, by trial and error, to make it ncr;- 
singular without having a substantial effect on later calculations. 


An alternative sequential version of the optimum filtering solution makes 
use of two relations: 

K\ ■ ?/i-i * \ 

^k/k *k/k “ ^k/k-1 *k/k-l ®k \ 


These relations arise naturally when using the classical maximum likelihood 
derivation. The first relation can be proved by multiplying P“^j^ by to 
get the identity; the second, by showing that 




(it-13) 
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FIG. 4-1 AVI(»ICS CONFIGURATION FOR RENDEZVOUS AND DOCKING 



MINIMUM GROSS 
TRANSFER DISTANCE 



FiF. a-2 Autonomous Fjcking Phn 



not 


PRb^CEDlt^^ 


page 


Section 5 

DOCKING SENSOR REQUIREMENTS 


5.1 INTRODUCTION 

The Docking Sensor is the key piece of hardware for Autonomous Docking. The 
following requirements can be modified by trade-offs with other parameters 
both Internal and external to the sensor. The final requirements should 
be a .judicious compromise of all the requirements in order to optimize the 
total system. 

5.2 ACQUISITION RANGE 


The sensor shall have a 0.99 probability of acquiring a passive cooperative 
payload at a minimum range of (77.6 nm) or 143.72 km. 

This range is based on the 3*slgDa guidance accuracy and payload unceirtainty 
as specified in Section 2. It assumes that the tug reorients pilor to enter- 
ing within the acquisition range of the sensor and the boresight of the 
sensor is pointed at the center of the search volume. 


The nominal aim point for the rendezvous bum is computed by: 


Aim Point (/P), (nm)/RM 


jpu^ - GAPJ 


^^1 (SPT + DTI) 

6ot5" 


+ DA' 


where: 


PU « 3 Payload position uncertainty, (nm)km 
GAP^ = 3 Guidance position accuracy, (nm)km 

GAVj^ * 3 Guidance velocity accuracy of GAP, ( ft/sec) j 6076 km/sec 

SFT s Search Frame Tine, sec 
DTI = Data Taking Interval, sec 
DA ® Deacceleration Time, sec 


1/2 
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This Aim Point will insure that there cannot be an impact with the payload 
no matter what the guidance dispersions are perpendicular to GAP^^ or with 
3-sigtna dispersions in payload position, GAP or GAV. The relative orbital 
motion has been neglected as its effect is second order. 

The time needed to cancel the guidance velocity error to avert impact is: 

Deacceleration Time (DA, SEC) « (GAV)^ M 

2T C6076) 


where: 

M = mass of vehicle (slugs), kg 
T = Thrust (ibj.), n 


^e acquisition range (ACQ) then is: 


ACQ (nm),km = 


AP^ + + (QAP^)^ 


1/2 


^us for 100 sensor measurements, a search frame time of l.Ul sec., a vehicle 
mass of lUSlO.^ kg (IOIU. 8 U slugs) and a retro thrust of UU.8 n (lOO lb) 
along an axis which has the maximum GAP, the acquisition range is IU 3.72 km 
(T7»6 nm). 


5.3 FTEID OP VIEW 

Fig. 5-1 is a graph of the sensor's field of view requirement, with and with- 
out a guidance update after the rendezvous bum. The closest range after 
rendezvous is 250.2 m (821 ft.) or .25 km (.135 nm). This distance and the 
payload uncertainty in the relative position of the tug are the drivers for 
POV requirements. If it is desired to guarantee that the payload is within 
the F0\^ then the POV required is +1.57 x +1*57 rad (+90° x +90°). With no 
guidance update the POV requirements decrease slowly as the initial range 
increases. The POV requirements with a guidance vipdate decreases much more 
rapidly. A 99^ probability that the payload will be within the POV requires 
+.96 X +.96 rad (+55° x ± 55°) (assuming zero dispersions perpendicular to 
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the payload - Aim Point axis) 


With horizon sensors or star trackers to provide the initial altitude refer- 
ence and a requlrenent of 0*1^ torquing accuracy for the maneuver, altitude 
errors will not appreciably Increase the FOV requirements. 

5.4 SEARCH FRAME TIME (SFT) 

The primary requirement for SFT is to achieve lock.on before the payload can 
drift out of the field of view. If we RSS the guidance velocity error per- 
pendicular to the line of si^t again neglecting orbital dynamics: 

s 6.04 m/sec (19*8 ft/sec) 

Requiring the addition to the FOV at closest range be no more than 10^ due 
to SFT so as to be negligible when RSS with the sensor then: 

SFT » initial range % tan (.1 FOV ) 

^rel 

Thus for +0.96 X +0.96 rad (+55° x 55°) FOV: 

SFT * (821) X (.19438) » 8.06 sec 

1973 

5.5 HANGS, ELEVATION AND AZIMUTH ACCURACY 

Preliminary simulations show that the following 3*signia accuracies wuld 
allow successful latch -up. 

Range: .1^ of range 

Angle: O.OOO8725 rad (.05°) 
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5.6 BIAS AND RESOLUTION 


Bias is the most difficult sensor error to accommodate. Many sensor biases 
can be measured optically and by other methods. I^e knovn systematic error 
should be compensated for. Preliminary simulations allow the following 
resolution and 3-sigma biases: 


Resolution: 

Range 

.09 m, 

(0. 3 ft) 


Angle 

.OU36 m 

1 red (0.0025 deg.) 

Bias: 

Range 

.00^6 m 

(0.015 ft) 


Angle 

.0031+ 

rad (0.0002 deg.) 


5.7 ACQUISITION AND TRACKING RATES 

The following minimum rates are suggested: 

Acquisition: 0.0279 rad/sec (l.6®/sec) 

Tracking: O.O506 rad/sec (2. 9° /sec.) 

Fig. 5*2 is the encounter relationships. 

5.8 LOSS OF LOCK-ON 

If for any reason the sensor loses lock-on for three consecutive measure- 
ments, the sensor should start an expanding squares or spiral search about 
the last known position. If the payload is not reacquired within one second 
after the loss of the payload then a loss of payload signal should be pro- 
vided to abort the docking during a critical phase and the sensor should 
then initiate the full FOV raster scan. 

5.9 DISCRIMIRATION 

The sensor should be able to discriminate against objects other than the pay- 
lOEid in the FOV. Ihese would be primarily the star background. Space debris 
could be eliminated to some extent by range gating and relative velocity 
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discrimination. There should be an indicator if there is more than one ob- 
ject in the POV after discrimination. 

The sensor should be able to operate if the sun, moon, or earth limbs are 
more than 0.08725 rad (5°) from the FOV. There cannot be any damage to 
the sensor if the sun, moon, or earth appear in the POV and the sensor 
should recover normal operation vlthln 10 sec. 

5.10 DATA FREQUENCT RATE 

The data frequency rate is usually driven by other sensor requirements such 
as the pulse repetition frequency, data processing method, ewquisiticn arJ 
tracking rate requirements, etc. Preliminary simulation shows that a mini- 
mum of l6 range, azimuth, and elevation measurements per second is adequate. 
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1/2 FIELD OF VIEW (DEG) (RAD) 


1.745 



FIG. $-1 SERSOR FIELD OF VIER REQUIREMERTS 
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ENCOUNTER GEOMETRY RELATIONSHIPS 
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«o 
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Section 6 

DOCKING MECHANISM DESIGN 


6.1 INTRODUCTION 

To assess the influence of the docking mechanism design on the type and 
accuracy of the data required, the description and mode of operation of 
existing and projected docking mechanisms were retrieved from the litera- 
ture sunrey generated earlier. Of the list of docking systems described 
in Ref. 17, only the Gemini (Fig. 6-1), the Apollo (Fig, 6-2) and the 
Menasco (Fig. 6-3) systems were retained for further eval\«tion. To these 
were added the androgynous international docking system (Fig. 6-U) developed 
for the Apollo-Soyuz docking experiment and the "Square Frame" concept 
(Fig. 6-5) projected for the Space Tug. Description of these more recent 
concepts can be found in Ref. 20. 


The require me nts for an automatic docking system are formulated in Ref, 20 
also. They can be expressed as follows: 

The docking system shall be: 


1. Con^rlsed of mechanically mated, automatically operated parts which 
self -align and self -actuate on contact to provide a load carrying 
mechanical connection between chaser and target vehicles. 

2. Simple. 

3. Reliable. 

k. Low in weight. 

5* Capable of independent release on command using power furnished by 
the chaser vehicle. 


PAGE 
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Fig. 6»3 Menasco Docking System 


ACTIVE D0CKIW6 SYSTEH PASSIVE DOCKING SYSTEM 



Fig. 6-U International Docking System 
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Fig. 6-5 Square Frame Docking Sje tem 



6. Restored to a ready condition, on both the target and the chaser 
vehicles, prior to undocking or separation. 

7. Fitted with components so as to give a clear field of view to 
optical, radar, or laser sensors on the chMer vehicle and re» 
flectors on the target vehicle during rendezvous and initial 
capture. 

8. Equipped, of possible, with three latching points for the docking 
system design. (More than three is unnecessarily redundant - less 
than three is not structurally stable or efficient.) 

9« Equipped with latch and contact points located near the vehicle 
mold line to minimize loads due to bending. 

10. Equipped with automatic latching devices designed to carry loads 
during boost from earth to earth orbit, as well as loads during 
Inter-orbit transfer operations. 

11. Designed with structure to absorb impact loads without shock 
absorbers or load attenuators, if possible. 

It is believed that the following requirements should be added: 

12. Design system to perform roll indexing and establish a hard line 
electrical connection. 

Such a capability will enable the chaser vehicle to activate devices aboard 
a disabled target vehicle. It is envisioned that protruding components such 
as antennas and solar panesl will have to be retracted or Jettisoned before 
any retrieval mission can be accomplished. A service mission would also 
require a precise roll alignment of the spacecraft. 

In order to make a first atten^t at the evaluation of the five docking con- 
cepts mentioned, values ranging from 0 to 3 w«re attributed to each of the 
requirements. 
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Not enou^ information was gathered to evaluate the docking systems on re- 
quiz^ements U and 11. It is believed that requirement 11 will madce positive 
capture at first attempt harder to achieve and will bring a weight i>enalty 
to ai^ concept designed without impact attenuators. 

Table 6-1 shows the results of the preliminary evaluation of the five dock- 
ing systems selected. 


Table 6-1 


Requirements 

Gemini 

Apollo 

Menasco 

International 

Square Frame 

1 

3 

3 

3 

3 

3 

2 

3 

3 

1 

2 

3 

3 

3 

2 

1 

2 

1 

5 

0 

3 

3 

3 

3 

6 

3 

3 

3 

3 

3 

7 

3 

1 

3 

3 

3 

8 

3 

3 

3 

3 

2 

9 

2 

1 

3 

3 

3 

10 

3 

3 

3 

3 

2 

12 

3 

0 

0 

2 

2 

TOTAL 

26 

22 

23 

27 

25 


Rating based on evaluation of docking 
system capability to meet requirements 
listed. 


3 = yes 
2 = probably 
1 = doubtful 
0 = no 


6.2 FIVE DOCKING CONCEPTS STUDIED 

Ibe following comnents on each docking system may help in a further appraisal 
of the five concepts. 
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(1) Genlnl Concept t In relation to the other systems, tills concept Is 
losing points on requirements 5 cind 9* 

Hie Gemini Agena Target Vehicle was supplying all the power required for the 
actuation of the docking mechanism. The docking approach maiMuvers were 
performed by the chaser vehicle but all the docking active latching and 
mooring operations were performed by the target vehicle. If this concept 
is considered for automatic docking, the active mechanism, (in this case, 
the internal docking cone) should be installed on the chase vehicle and the 
passive external cone be part of the target vehicle. This new configuration 
would have the other advantage to provide more space inside the internal 
docking cone to install the optical, radar and laser sensors required for 
the automatic rendezvous and docking operations. 

If such a modification of the Gemini docking concept proves feasible, then 
the rating to requirement 5> In Table 6*1 should be changed to 3» &nd the 
totaL becomes 29 instead of 26. 

As far as require m ent 9 is concerned, the docking latch receptacles are in* 
stalled in the external docking cone which has a diameter of approximately 
81.28 cm (32 in.). If the target vehicles are In a diameter range of 1.52 
to 2.13 m (5 to 7 ft) and the center of gravily is located within the permis- 
sible space to prevent Jackknifing of the spacecraft on impact, the existing 
Gemini hardware could probably be used. For vehicles having larger diameters 
and where their center of gravity are outside the pemisslble limits, it is 
conceivable that a larger diameter Gemini docking system could be designed 
to meet the conditions of requirement 9. 

(2) Apollo Concept ; The reason this concept was slightly derated on require- 
ment 3, was that thrust has to be applied to the chaser vehicle follow- 
ing impact to achieve a successful capture. (Bef . 19) 

Ihe fact that the probe head and drogue capture receptacle are on the center 
line of the respective spacecraft, installation of the rendezvous and docking 
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sensors is made more difficult and their field of view is restricted by the 
extended probe nechanism of this concept. %ese are the reasons for a low 
rating on requirement 7 , 

A low rating on requirement 9, is due to the fact that the fi«t impact load 
is reacted by the probe head which is on the center line of the chaser ve- 
hicle, and thus has a tendency to cause the vehicles to Jackknife. This 
docking mechanism must resist a greater bending moment to align the vehicles 
after iinpact and capture. 

No means to correct an angular misalignment in the roll axis during the 
docking or mooring operations resulted in a low rating for requirement 12. 

(3) Menasco Concept ; This concept, with its latch hooks running up and 

down the radial movable aztns, is not simple. Although tests have been 
conducted successfully on a full-scale prototype mechanism (Ref. I 7 ), 
it seems complicated and not as reliable as the other selected systems. 
It does not show any provision to align the two vehicles in the roll 
axle. 

nie above remarks are the reasons for low ratings on conditions 2, end 12. 

(k) International Concept ; It is believed that this system has not been 
flight tested yet and this is the reason it was slln^tly derated under 
the requirements 2 and 3* Although it provides an angular alignment 
in the toll axis, it does not seem to be as accurate as in the Gemini 
system. 

( 5 ) Square Frame Concept ; Althoui^ not much information has been found in 
the literature about this concept, an attempt was maide at rating it 
aigainst the other four better known systems. Due to the fact that no 
known models of this concept have been built or tested, a low rating 
on reliability was given. 
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Inherently this system has to have a minimum of four latches due to its de- 
sign. For this reason, a slightly lower rating was given for requirement 8. 
A triangular frame may have some structural advantages over a square one, 
but it may not accommodate as large an angular misalignment in the roll 
axis. It is not in the scope of this study to Investigate such a change in 
design. Lack of information about the structural integrity of the latching 
components was the reason for a lower rating on requirement 10. 

A lover rating on require m ent 12 ha« been given because it is believed that 
this concept does not provide a roll indexing as accurate as in the Gemini 
system. 


Our evaluation study would not be complete without a comparison of the capa- 
bilities of each docking system. To date only the specifications of the 
Gemini, Apollo and the projected Space Tug could be found. The "Square 
Frame" concept is believed to be designed to the Space Tug docking specifi- 
cations. (Ref. 22). A comparison of these specifications is shown in 
Table 6-2. 


Table 6-2 


mnCINC A CCUR A CY STRUCTURAL SPEGIFICATIO R& 


L* 


Gemini 

1 UA 

Apollo 

Baseline 
Space Tug 


Units 

Ref. l8 

Ref. 7 

Ref. 22 

Centerline Miss 
Distance 

(ft) 

m 

(6 to 1.C) 
0 to .30h8 

(0 to 1.6) 
0 to .30U8 

(6 to 1.0) 
0 to .30U8 

Miss Angle 

(deg) 

rad 

(0 to 10.0) 
0 to .I7U5 

(0 to 10.0) 
0 to .17*»5 

(0 to 5.0) 

0 tc .08725 

Longitudinal 

Velocity 

(ft/sec) 

m/sec 

(I.3 nax) 

(0.1 to 1.0) 

(0.1 to 1.0) 

lateral Velocity 

(ft/sec) 

m/sec 

(0 to 0.5) 

(0 to 0.5) 

(0 tc 0.30) 

Angular Velocity in 
Pitch, 

Yaw, 

Roll, 

Combined 

(deg/sec) 

rad/sec 

(0 to 0.75) 

0 to .01309 
(0 to 0.75) 
0 to .01309 
(0 to 10.0) 
0 to .17^5 
0 to .17**5 

(0 to 1.0) 
0 to .0175 

(0 to 0.50) 

0 to .008725 
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6.2 INFLUENCE OF DOCKING MECHANISM DESIGN 


Analysis of the specifications in Table 6-2 shows that any of the concepts 
would be satisfactory for the Space Tug, although Table 6-1 rates the Inter- 
national system the best. 

The specification that influences the Space Tug the greatest is the center 
line miss distance. Figure 6-6 shows the total impulse required, for an 
abort, with a 15.24 cm (6 in) and 30.48 cm (12 in) specification for the 
centerline miss distance. The total impulse required drops from 9786 N-sec 
(2200 LB^-sec) for 15.24 cm to 4092 N-sec (920 LB^-sec) for 30.48 cm allowance. 

It can be concluded that to minimize the influence on the Tug the centerline 
miss distance should be made as large as practicable consistent with the dock- 
ing mechanism optimization. 
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Figure 6-6 

ABORT BURN IMPULSE VS. DOCKING MECHANia4 EBROR ALLOWANCE 
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ABORT 


7.1 IHTRODUCTION 


This study has shown that a severe constraint on the abort process Is Inqposed 
by thruster impingement on the payload. Docking mechanism requirements and 
control of the position and velocity errors normal to the docking axis are the 
other major drivers. 

7.2 AUXILIARY PROPULSICaJ SYSTEM (APS) IMPINGEMENT EFFECTS (M DOCKING 

An inpingement study of the APS thrusters was made applicable to any payload 
shape. Figs. 7-1 through 7-8 are for one forward firing thruster. The effect 
of two thrusters firing, which will be the Tisual case, can be easily derived 
as the impingement is symmetrical. 

Fig. 7-9 throvigh 7-l6 are for thruster firing normal to the Tug X-axis. The 
Impingement forces and torques are a function of the distance the payload is 
.from Tug stations 457 and the payload are exposed to the plumes. 

.. Jlie forces and torques for any payload shape may be estimated by. using^-the 

overlay included with this report over a suitable scaled payload outboard 

profile. The average segment surface pressiare may be graphically Integrated 
to find the force on the payload. The center of pressure is at centroid of 
the segment yielding the torque. .Note that the pressures are symmetrical - 
about the verticeQ. axis and that the force and torque from the complementary 
thruster must be included. 

It is obvious from Fig. 7-8 that even 1524 cm (600 in) from the payload the 
X-force for two thrusters tending to push a 1270 cm (500 in) radius payload 
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away from the Tug is 171.3 newton (38.5 Ibf) which is highly undesirable. 

Fig. 7-17 shows the total force and Torque on the payload as a function of 
the x-displacement for a 1270 cm (500 in) radius and a 508 cm (200 in) radius 
payload. Note that the x-force peaks when the t\ag is 215.9 cm (85 in) from 
the payload while the torque peaks at 609.6 cm (24o in). While the 508 cm 
radius payload is subjected to much less force, the force is still 69?£ of the 
1270 cm payload at zero displacement. The & torque would cancel if the pay- 
load were perfectly symmetrical, the thrusts equal, and the Tug position 
exactly on the axis of the payload, an Tonlikely situation. 

For the same conditions as above, but firing thrusters normal to the X-sixis 
the X-force is only O.U17 netwons (0.094 Ibf) a factor of 4l0 times less than 
for forward firing thrusters while the torque is 203 times less. 

Figs. 7-18 and 7-19 show the torques and forces for a 1270 cm and 508 cm 
raditis payloads. Note from Fig. 7-19 that there are no effects of in^iinge- 
ment beyond 762 cm (300 in). 

This suggests that the abort maneuver should be made by firing the thrusters 
normal to Ttig X-axis. 

The APS impingement effects on the Tug itself were not studies, however it can 
be concluded that the fore-aft thruster should be canted upward to reduce the 
impingement torques on the Tug itself and reduce the high stagnation tempera- 
txires on the vehicle. 

7.2 ABORT 

7.2.1 Introduction 

Abort strategy and inplementation are very ioportant. An abort, which can 
occur for many reasons, has a severe impact on the mission becaxise of time 
and total impxilse requirements. The fundamental tenets for abort would be: 
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(1) Tug and payload safety nnust not be compromised. 

(2) The payload attitude must not be destabilized. 

(3) The additional total impulse required must be minimized. 

(4) The time required to redock must also be minimized. 

The following analysis assumes: 

(1) -Z axis thrusters for the abort btim, that is, the tug clears the 
underside of the payload. 

(2) The payload docking mechanism is in the center of the payload and 
requires ^08 cm clearsince below the docking axis. 

(3) The payload cannot control more than 13.6 cm-n (1.2 in-lbf) torque. 

(4) The Tiig's position and velocity errors normal to the docking axis 
are independent and normal, assuming 10.6 cm and .004 m/sec 
(3-sigma). 

(5) The Tug is as defined in Section 2. 

(6) The coordinates for the abort problems are shown in Fig. 7-20. 

(7) The docking axis miss distance .152 m (.5 ft) and docking velocity 
= .152 m/sec (.5 ft/sec). 

(8) Minimum allowable range to peiyload I.829 m (6 ft). 

In general, the smaller the time allotted for a maneuver or phase the greater 
the total in;>ulse consumed will be. 

7.2.2 Selection of the Stand Off Point (SOP) and Docking Velocity (VDOCK) 

The first step is to determine the minimum abort range required. Given the 
docking mechanism normal (to the docking axis) error and the normal velocity 
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(3-sigma) allocated at the SOP, Fig. 7-21 can be used to determine the minimum 
abort range. As an exaa^jle, using the parameters in Section 2 and Para. 7.2.1, 
the minimum abort range is 4.176 m (13*7 ft). 

The m-in-imnm abort distance should be selected to minimize the docking velocity- 
while not violating other constraints. Here the docking -velocity .152 m/sec 
or (.5 ft/sec) has been selected. 

The next step is to determine the abort burn time from Fig. 7-22. The illus- 
tration uses 508 cm as the reqtiired clearance below the docking mechanism axis. 
Thus, the abort b-um time and total impulse can be extrapolated as 10.8 sec or 
48oU N-sec (1080 Ibf-sec). 

The minimum range can be checked with Fig. 7-23* In this case, the I.829 m 
(6 ft) is safe by .21 m (.7 ft). 

The last check, payload torque, is made using Fig. 7-24. The graph is entered 
using the abort bum time. At the point this time intersects the docking 
velocity-minimum abort range curve a line is drawn horizontally to intersect 
the Y torque curve and the magnitude of the Y-torque is read from the abscissa. 
For the example it is 11. 98 cm-n (I.06 in-lbf); less than the specification of 
13.56 cm-n. 

For this case the SOP chosen -would be 4.176m and the docking velocity .152m/sec. 
7.2.3 Abort Impulse Calculation 

The total impulse required for abort that is implemented in LOCDOK is: 


^T ^^TA ^OD 

mss( 2 {v^ * vj 

+ V ) 

Retro/ 

“t 

(7.1) 

I = 50 r ^ 

■^TA ^ VDOCK 

/^2 Ra \2 8 (Yc 

Y \ VDOCK / 

7.33) 

(7.2) 
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(7.3) 


Retro 


R, 


2 min + 


23.3 




Yc 


+ 



V 

“^safety 


(7.U) 


where : 


Ra 

Yc 

Y 

ssrfety 

a 


dock 


'2 min 


w 


Ry 


■•TOD 


■•TA 


Total in^julse required for abort and redocking 
Standoff point distance 

Clearance required below docking mechanism axis 
Clearance below Yc required for antenna, etc. 

Acceleration of Tug thrust/vehicle mass 
Docking velocity 

Distance from payload on the dockiiag axis to start final 
docking approach 

time allocated to return to Rg . from below payload after 
abort “ 

Payload width 

Velocity along the Y-axis 

Total inpulse required to reach the SOP from Rg min 
Initial abort burn total impulse 
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V 

Retro 


Velocity along the docking axis required to reach R^ . 

-i j. 2 mn 


Equation 7.1 accounts for all the total impulse needed to abort, return to a 
point on the docking axis for another final approach, and return to the SOP. 
It does not include the total impulse needed by the attitude control system. 


To recognize the factors that contribute the greatest amount to the abort 
inpulse required, the following typical values in addition to those specified 
previously are assumed: 


OD 


TOD 


w 


R 


2 min 


safety 


"I 

MASS 


.152 m/sec (.5 ft/sec) 

66723.3 N-sec (15>000 Ibf-sec) from LOCDOK simulation 
10.16 m (33.31^ ft) 

304.8 (1000 ft) 

22.63 m (71^.25 ft) 

3600 sec 

IU593.9 kg (1000 slugs) 


From Equation 7.1 


= 2160 + 15000 + 1000 (2 (.0253 + .5) + .2935) 
= 2160 + 15000 + 1399.5 
= (18559.5 Ibf-sec) 82556.7 N-sec 
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It immediately becomes obvious that the most impulse is used by the redocking 
run down the docking axis. The abort inipulse is next, with the in 5 )ulse re- 
quired to regain "the least. Note, however, from Equation 7-3 that this 

impulse is inversely proportional to the time allotted in arriving at R 2 
aoid potentially it could become very large if the time allotted is short. 

7.2.h Abort 

Time Calculation 


The time : 

required t^ to redock the tug is: 


h 

= 

^CB VoD ^OD 

(7.5) 


= 

Ra/VPOCK 

(7.6) 



P. * 23.3 

(7.7) 

^CB 


V 

DOCK 


= 


(7.8) 

^OD 

= 

«2 mn/™” 

(7.9) 

where: 




^OD 

= 

Velocity down the docking axis from R^ to R^ 

From Equation 

7.5: 



= 

27 .h + 116.6 + 3600 + 5 + 2000 


"a 

= 

57^9 sec, 1.6 hrs 
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More than half the time required for redocking is used in re-establishing the 
Tug’s position for a run down the docking axis. 

While this time can be shortened, it would increase the total impulse needed 
for the abort. 

The second largest increment is used for the run down the docking axis. The 
velocity VOD selected was .152 m/sec (.5 ft/sec) to save the total impulse 
required to accelerate to VOD and deaccelerate to VDOCK. 
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Fig, 7-1 Forward Thruster Impingement 
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MEASURED FROM 

FORWARD END OF ( ) = AVERAGE SEGMENT SURFACE 

TUG (STATION 457) +Z PRESSURE X lO^(PSIA) 
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FIO. 7-8 FORWARD THRUSTER IMPIHOTMENT 1524 CM SEPARATKMT 
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RADIAL DISTANCE FROM PAYLOAD CENTERLINE (IN.) CM 
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(28) 

2 124.55 
cr 

A 

^ (26) 
115.65 


(4500) (24) 

50843.3 106.76 


(4400) (22) 

49713.4 97.86 


(4300) (20) 

48583.6 88.96 


(4200) (18) 

47453.7 80.07 
Z 

I 

s 

O (4100) (16) 

S 46323.9 71.17 


S (4000) (14) 

O 45194.0 62.28 


(3900) (12) 

44064.2 53.38 


(3800) (10) 

42934.3 44.48 


(3700) (8) 
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PAYLOAD TORQUE AND FORCE VS X-DISTANCE 
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PIG. 7-17 PAYLOAD TORQUE AKD POBCE VS 

x-disiaik;e forhard thruster 
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PAYLOAD TORQUE AND FORCE VS X-DISTANCE 
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Abort Calculation Coordinates 


NORMAL ERROR (FT) M 


ERROR NORMAL TO DOCKING AXIS VS ABORT RANGE AND NORMAL VEL. 
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( 5 ) ( 10 ) ( 15 ) ( 20 ) ( 25 ) ( 30 ) ( 35 ) ( 40 ) ( 45 ) ( 50 ) ( 55 ) ( 60 ) ( 65 ) ( 70 ) 

1.52 3.05 4.57 6.10 7.62 9.14 10.67 12.19 13.72 15.24 16.76 18.29 19.81 21.34 


ABORT RANGE (FT.) M 


FIG. 7-21 ERROR NORMAL TO DOdCDIG AXIS VS 
ABORT RANGE AND NORMAL VELOCITY 
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PAYLOAD CLEARANCE BELOW DOCKING AXIS 



1 1 I I I I I I I 
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FIG. 7<-22 PAYLOAD CLEARANCE BEFORE DOCKING AXIS VS ABORT RANGE, 
DOCKING VELOCITY AND ABORT BURN TIME 
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MIN RANGE (FT) M 



ABORT BURN TIME SEC 


FIG. 7-23 MINIMUM BURN TIME VS ABORT BURN TIME 
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Section 8 

LOCDOK SIMULATION AND USER'S MANUAL 


8.1 INTRODUCTION 

LOCDOK is a digital simulation of a space vehicle docking with a payload. 

This simulation was abstracted and modified from a much larger simulation, 
AVION. In constructing the program certain features, not required by the 
study were not included but the interfaces to permit incorporation in the 
future were retained. Some of these features are rendezvous, circumnavigation 
of the payload, and maintenance of fixed position. 

8.2 LOCDOK SIMULATION 

The LOCDOK simulation is written in Fortran IV for the Univac 1108 com- 
puter. It requires 62,782 decimal words of core storage suid is not 
segmented. The program is modularized, containing 8l subroutines. The 
simulation may be run in English or in the International System of Units. 

The program input data is preset to that only variables that require change 
for a particular run need be inputed. The input is designed so that 
multiple cases may be run without resubmission on the ;}ob. 

The program has a versatile SCU020 plot capability which has the follow ing 
features: All plotting data can be stored on conqsuter magnetic tape to 

allow replotting at a later date without re-running the entire simulation. 

In addition, there is the capability to perform mathematical manipulation 
of the variables. These variables may be added, subtracted, divided, or 
multiplied; and of course one of the variables may be a constant. The 
program automatically scales all variables so as to fill the entire plot. 

If there are several dependent variables, the program automatically scales 
them so that adequate resolution is obtained, and then annotates each 
variable with its title and the scale factor, see Figs. 8-1 to 8-U. 
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Fig. 8-5 through 8-2L are sample pages of the output. All variables are 
labeled in English together with the important Fortran names. Definitions 
of the output variables are self-evident as can be seen from the output. 
Figures 8-5 and 8-6 are sample page outputs in metric units for perfect 
attitude control. Figures 8-7 and 8-6 are similar except in English units. 
Figures 8-9 and 8-10 illustrate the difference in output from the nans with 
detailed attitude control. 

Additional LOCDOK details may be found in the User's Manual, IMSC/dU 24229, 
which is submitted as a separate volume with this report. 

8.2 USER'S MANUAL 

The User's Manual, IMSC/dU 24229, is published separate from this voliome 
for ease of use. Once an operator becomes familiar with LOCDOK, all 
information necessary to run the program can be fovind in the User's 
Manual, although occasional reference to the Final Report may be required 
at first. 

All the input variables required to run the program are in the Input 
Dictionary Section of the User's Manual. Preset data values, Fortran 
names of the input variables, definition of the variables, together with 
limitations and notes, are also in the Dictionary. 
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FIG. 8-2 COMPUZBR PLOT - RBORIEIITATION OP TUG TO ACQUIRE PAYLGAD 


8-3 


LOCKHEED MISSILES & SPACE COMPANY 






FIG. 8-3 COMPUTER PLOT - TUG ATTITUnB 



FIG. 6-4 CCMPUTER PLOT - APS TOTAL IMPULSE AHD BfGIIIB HO. 
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SPACE TU6 DOCKinr, STUDY 
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FIG. 8-5 COMPUTER OUTPUT > SI UNITS, PERFECT ATTITUUB CONTROL - INPUT Vi 
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FIG. 8-7 CONPUIER OUTPUT - ENGLISH UNITS PERFECT ATTITUDE CONTROL INPUT VARIABIES 
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Section 9 


COnCLUSIONS 

9.1 DOCKING CONTROL STRATEGIES 

A position update (autonomous navigation) could te advantageous after the 
rendezvous in;}ection l)urn if the autonomy level selected for the Tug is I or 
II. 


Strategies are required in the event the Tug does not acquire the payload 
during the acquisition phase, or the docking aid for the final docking 
phase. 

Impingement could be a very severe problem during docking or abort. The APS 
forward thruster should be disabled far from the Tug. The attitiide control 
system logic should be mechanized so that no forward thruster will be fired 
in the payload vicinity. The affect on attitude accuracy and rate and total 
impulse should be studied to assess the impact of this mechanization includ- 
ing the cross-products of inertia and center of gravity offsets and travel. 
During the coast from the stamdoff point to latch-up all thrusters should be 
disabled except in the case of an emergency abort. If an abort is required 
only thruster normal to the x-axis shoiild be used. A provision should be made 
to inspect the payload docking mechanism to see that it is not obstructed 
or damaged. 

Low-G propellauit slosh could be avery serious problem for the Tug. Potentially 
ft could have an even greater effect on the vehicle then impingement. Analysis 
of this problem is strongly recommended. 

A six by six Kalman sequential filter for the docking sensor data is recommen- 
ded. 
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9.2 DOCKING SENSOR REQUIREMENTS 


A position update capability would reduce the field of view requirements. 

For the specified rendezvous injection accuracies a minimum 143.72 KM 
(77.6NM) acquisition range is recommended. 

9.3 DOCKING MECHANISM DESIGN 

The androgynous international docking mechanism seem suitable for the Space 
Tug. The center-line miss distance specification should be made as large as 
possible. 

9.4 ABORT 

If an abort is required only thruster perpendicular to the vehicle x-axis 
should be fired. Additional impingement studies are necessary. 

For a given payload configuration the driving parameters on the total impulse 
used for the abort are: 

( 1 ) The docking mechanism position error allowance normal to 
the docking axis and the maximum latch-up velocity. 

( 2 ) The translational control capability to reduce the velocity 
normal to the docking axis to a small value. 

(3) The time allowed for the redocking attempt. 

(4) The time available to clear the payload after the initia- 
tion of the abort burn. This time is simply the distance 
from the payload at the abort time divided by the docking 
velocity (VDOCK). 

The run down the docking axis to redock consumes the most APS total impulse 
for an abort. 
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Section 10 

SUGCESTEO FURTHER STUDIES 


The suggested studies in this section would provide needed analysis to fhr> 
ther define the reqoulranents and configuration for the Space Tug and to pro- 
vide siipport to the Aero-Astrlonics Laboratory. 

(1) Training at MSEC in the Use of LOCDOK 

LOCDOK is a fairly coisplex slnulation. Previous es^erlence has shown that a 
mlniiBum of two weeks of instruction and customer usage, at MSFC, is required 
to proficiently utilize a cco^lex simulation. 

The training will cos^rise lectures, supervision of zuns by customer person- 
nel, and aid in debugging problems. 

(2) Program Modification 

The documentation provided under the present contract is not detailed enough 
to permit e:q>erienced programmers to modify LOCDOK. Invariably, after a 
period of use, desirable changes and additions become evident. The necessazy 
programslng support can be provided to the Aero-Astrlonics Laboratory. 

(3) Incorporation of Low-G Propellant Slosh into the Space Tug Automatic 
Docking SimnlatlCTi 

Low-6 propellant slosh could have a vezy large intact on the Space Tug Mis- 
sion. Propellant slosh could affect the Tug mission capability and require 
redesign of the Tug subsystems. Lockheed Missiles & Space Company has been 
involved with low-G propellant slosh and propellant management systems for 
many years. In addition to extensive analytical efforts, Locldieed has 
written a technical brief. Ref. 15> that details the suggested effort. 
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(4) Control System Modification 


The results of the Impingement study have shovm that it is tmdesirable to 
fire the forward thrusters in the vicinity of the payload. LOCDOK's detailed 
attitude control simulation should be modified to simulate and analyze the 
effect of this mechanization on the Tug's attitude control total incise, 
pointing accuracy, and limit cycle rate, 

( 5 ) Autonomous Navigaticai 

For hig^her autonomy levels, the ^ace Tug will probably require an autonomous 
navigation capability. A position update capability viU reduce the FOV 
requirements for the docking sensor. 

Table 10«1 shows potential concepts for autonomous navigation. It is assumed 
that stellar inertial reference, conqmting, and time reference capability are 
available for on-board navigation, i^ecifieally, space vehicle navigation is 
performed with all positions and velocity conqiutatlons done on board the 
vehicle. It is further assumed that a low-g accelerometer is considered in 
each of these approaches for purposes of measuring accelerations due to tank 
venting and other ^mscheduled vdliicle perturbations. Certain of these sensor 
types (e.g., horizon sensor) can be considered for use during initialization 
and for backup. A block diagram for a typical orbit navigational system is 
shown in Fig. 10-1. Since three positions and three velocity coordinates 
must be corrected with perhaps only one or two measurements (range, for example, 
is just one measiirement), the selection of how much correction to make to each 
state must follow an orderly process if the solution is to converge. Sxe Kal- 
man filter has the algorithms for the orderly "sequential filtering" of the 
measurements. Table 10-2 ccxitalns excerpts of Kalman filter, linear syston, 
and noise equations that would have to be studied and implemented for autono- 
mour navigation. 

Another suggested study would determine the optimum Kalman filter for Space 
Tug. The study would Include Kalman filter ccmpatlblllty and possible use 
as a data filter for the docking sensor. 
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(6) Inplngemenb Studies 

A signiflcaat study would be the effects of impingement <» sane tj'pical 
payloads. Payloads with solar panels, antenna, and other asymmetrical shapes 
should be examined. In addition, the iiQ>lngeiBent effects on the Tug itself 
which give rise to torques and hl^ tenp«ratures <xi the skin should be 
analyzed. Ciis study would optlBlze, within the constsralnts specified by 
the customer, the cant angle of the APS thrusters parallel to the vehicle 
x-axis 

( 7 ) APS Total Impulse Optimization 

Section 2 allocates hll.9 Kg (906.8 lb.) of APS propellants at the start of 
docking. This allocation is marginal for a noxnal docking and would not be 
sufficient if an abort or non-nomlnal trajectory occurred. It is suggested 
that a study to pptlmize the total APS impulse be made and the allocatioi of 
propellant be reassessed. 
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iPlG. 10-1 TYPICAL OpiT MAVIGATIOH SYSTEM BLOCK DIAGRAM 
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